INTRODUCTION 65
In mammalian development, the placenta forms the mechanical and physiological link between 66 maternal and fetal circulations. In rodents and humans that have invasive haemochorial placentae, 67 nutrient and oxygen transfer between mother and fetus is achieved through extensive uterine infiltration 68 Anchoring columns of the placenta initially develop in the absence of maternal blood, and 88
RESULTS 114

Hypoxia potentiates trophoblast column outgrowth 115
To test the effect of exposure to differing levels of oxygen on trophoblast column establishment 116 and outgrowth, we utilized a Matrigel-imbedded placental explant model that closely reproduces 117 developmental processes of trophoblast column cell expansion and differentiation along the EVT 118 pathway (Bilban et al., 2009; Newby et al., 2005) . Early column formation during human placental 119 development is characterized by the expansion of mitotically active Ki67 + /HLA-G lo proximal column 120 trophoblasts (PCT) into HLA-G hi non-proliferating distal column trophoblasts (DCT) and invasive 121 EVT ( Figure 1A , 1B). To this end, Matrigel-imbedded placental explants recapitulate anchoring 122 column cell organization and EVT-lineage commitment, establishing the explant system as an 123 appropriate experimental tool to study the cellular and molecular underpinnings regulating human 124 trophoblast column formation and outgrowth ( Figure 1C) . 125
Chorionic villi harvested from early first trimester placentae (n=8; 5-8 weeks' gestation) were 126 imbedded into Matrigel matrix and allowed to establish for 24 hr at 5% oxygen ( Figure 2A) ; this level 127 of oxygen represents a relative "normoxic" condition for early placental development (Jauniaux et al., 128 2001) . Characteristics (age, gestational age, BMI, smoking status) of each patient who donated their 129 placenta for explant culture are listed in Supplemental Table 1 . Following this, explants derived from 130 the same placenta were transferred into one of three conditions for an additional 48 hr representing 131 either hypoxic (1%, ∼10 mmHg O 2 ), normoxic (5%, ∼35 mmHg O 2 ), or hyperoxic (20%, ∼141 mmHg 132 O 2 ) environments relative to the first trimester of pregnancy (Figure 2A ). Within all oxygen conditions, 133 explant outgrowth was observed ( Figure 2B, 2C ). However, column outgrowth was most pronounced 134 in 1% and 5% oxygen, where outgrowth area in both of these low oxygen conditions was significantly 135 greater than outgrowth observed in 20% oxygen ( Figure 2C, 2D ). While column outgrowth in 5% 136 oxygen was overall less variable and trended on producing smaller columns than explants cultured in 137 1% oxygen, there was no statistical difference between outgrowth in 1% and 5% oxygen ( Figure 2D) . 138
In summary, trophoblast column outgrowth was potentiated by low oxygen, whereas exposure to 139 atmospheric oxygen (20% oxygen) blunted column outgrowth. 140 141 Explant exposure to low or high levels of oxygen generate distinct transcriptomic signatures 142
To gain mechanistic insight into how hypoxic, physiologically normal, and high levels of 143 oxygen modulate trophoblast column outgrowth, global gene expression was analysed in placental 144 explant cultures using gene microarrays. For this experiment, placental explants from 5 unique 145 placentae (n=5; 5-7 weeks' gestation) were established as previously described except that cultures 146 were maintained in their respective oxygen condition (1%, 5%, or 20%) for 24 hr prior to RNA 147 isolation in order to capture molecular signatures central to column formation. Importantly, RNA was 148 extracted from only column trophoblasts and Matrigel-invading EVT; chorionic villi of explants were 149 carefully micro-dissected away from columns and EVT following an approach described within Bilban performed. Using a false discover rate (FDR) < 0.05, we identified many differences in gene 153 expression between 1% versus 20% (293 genes up-regulated; 685 genes down-regulated) and 5% 154 versus 20% oxygen conditions (363 genes up-regulated; 406 genes down-regulated) ( Figure 3B ; 155 Supplemental Table 2 ). DGE analysis between 1% and 5% oxygen did not identify differentially 156 expressed genes ( Figure 3B ). Principal component analysis (PCA) shows clustering of explants 157 cultured in hypoxic, normoxic, and hyperoxic conditions ( Figure 3C ). PCA sample clustering showed 158 explant trophoblasts cultured in 1% and 5% oxygen generally clustered closer together, save for two 159 1% oxygen explant outliers; one clustered amongst 20% oxygen samples while the other clustered 160 separately to all other samples ( Figure 3C ). Despite these two explants being identified as significant 161 outliers using the Silhouette coefficient (Barghash and Arslan, 2016), we opted to retain them for the 162 remainder of our analyses as we could not confidently ascribe outlier classification due to technical or 163 batch-related artifacts. 164
Hierarchical clustering of the 15 column trophoblast samples segregated samples into two 165 statistically significant clusters (sigclust, p<0.05): a 20% oxygen dominated cluster and a cluster 166 comprised of column trophoblasts cultured in 1% and 5% oxygen ( Figure 3D ). A gene heat-map of the 167 top 40 differentially expressed genes (top 20 differentially expressed genes in 1%; top 20 differentially 168 expressed genes in 20%; FDR< 0.05, ranked by FC) highlights gene patterns across 1%, 5%, and 20% 169 oxygen cultures ( Figure 3D ). In both 1% and 5% oxygen conditions, the top hits identified by global 170 DGE analysis included genes associated with hypoxia (EGLN3, RORA), cell-matrix interaction/re-171 structuring (LOX, JAM2, EGLN3, PLAUR), and gene transcription regulation (MXI1, TSC22D3, 172 RORA). In contrast, the most highly expressed genes in explants exposed to 20% oxygen were 173 exclusive to pro-mitotic/proliferative processes (MKI67, KIF20A, KIF23, PEG10, CDK1, NCAPG, 174 NCAPH, TOP2A, CDC7), indicating that column trophoblasts cultured in 20% oxygen possess a 175 proliferative phenotype. 176
While stringent DGE parameters did not identify differentially expressed genes between 1% 177 and 5% oxygen culture conditions, we did identify 123 and 53 unique genes to be up-regulated in 5% 178 and 1% oxygen cultures compared to samples cultured in 20% oxygen ( Figure 3E ). Further, 78 and 357 179 genes were shown to be uniquely down-regulated in 5% and 1% oxygen cultured explants compared to 180 20% cultures ( Figure 3F ). Gene ontology (GO) pathway analysis of the above 1% and 5% signatures 181 indicated that column trophoblasts exposed to 1% oxygen show enrichment for processes favoring 182 hypoxia-related-and oxidative stress-signaling (Supplemental Figure 2 ). Conversely, column 183 trophoblasts cultured in 5% oxygen showed enrichment of biological pathways linked to nucleotide 184 biosynthesis and metabolism, indicating that column trophoblasts in 1% and 5% oxygen do exhibit 185 underlying molecular differences potentially contributing to trophoblast column development 186 (Supplemental Figure 2) . 187 188
Differing oxygen levels drive distinct molecular programs in trophoblast columns 189
To broadly examine how transcriptomic differences within column trophoblasts exposed to 190 hypoxic, normoxic, and hyperoxic conditions relate to differences in molecular pathways, gene 191 signatures determined by DGE analysis (FDR < 0.05; fold-change > 1.5; Supplemental Table 2) were 192 used to identify pathways enriched in explant column trophoblasts cultured in 1%, 5%, and 20% 193 oxygen. Unsurprisingly, pathways in explants cultured in 1% oxygen (293 genes; clusterProfiler) 194 showed enrichment for multiple pathways and molecular processes specific to hypoxia ( Figure 4A ). 195
Additionally, the 1% oxygen signature also showed enrichment for pathways related to extracellular 196 matrix (ECM) structure and organization, steroid hormone responses, and hydroxyproline metabolism 197 ( Figure 4A ). Similar to the 1% oxygen pathway readouts, the 5% oxygen signature (363 genes) showed 198 enrichment for genes specific to ECM composition, response to hypoxia, and response to steroid 199 hormones, but also showed enrichment of pathways related to bone development and viral entry into 200 cells (Supplemental Figure 3 ). By contrast, 20% oxygen (685 genes) showed enrichment of pathways 201 and cellular processes related to organelle fission, nuclear division, chromosome segregation, mitotic 202 nuclear division, and DNA packaging and replication, all of which link to heightened cell cycle activity 203 and proliferation ( Figure 4B) . 204
Using the Mitotic Nuclear Division, Chromosome Segregation, and DNA Replication curated 205 GO gene signatures enriched within 20% column trophoblasts (93 genes; Supplemental Table 3) , 206 explant samples were subjected to hierarchical clustering and visualized by gene heat-map ( Figure 4C ). 207
Notably, samples segregated into two groups: One group defined by 1% oxygen samples (4/5 1% 208 oxygen samples), and the other group consisting of mostly of 5% and 20% oxygen samples (10/10 209 5%/20% samples) ( Figure 4C ). This later branch was further divided into two sub-branches, one 210 enriched by 5% oxygen samples also containing a 1% oxygen sample outlier, and the other sub-branch 211 made up entirely of 20% oxygen column trophoblasts ( Figure 4C ). Interestingly, gene heat-map 212 expression intensities suggest a step-wise increase in expression of pro-mitotic/proliferative genes in 213 column trophoblasts exposed to increasing levels of oxygen ( Figure 4C ). To verify if an increase in 214 exposure to oxygen tension translates into increased proliferation, a BrdU pulse-chase was performed 215 on a separate cohort of placental explants (n=3) cultured in 1%, 5%, and 20% oxygen. In support of the 216 gene array data, little/no evidence of cell proliferation within explant columns was observed in 1% 217 oxygen cultures following a 4 hr chase ( Figure 4D , 4E). However, explants cultured in 5% oxygen 218 showed a significant increase in BrdU incorporation within column trophoblasts compared to 1% 219 oxygen columns, and an even greater level of BrdU positivity was measured within 20% oxygen 220 columns (20% versus 1%) ( Figure 4D , 4E). Though a trend for greater proliferation in explant columns 221 cultured in 20% oxygen compared to 5% oxygen was observed, this difference was not significant 222 ( Figure 4E ). Overall, our findings suggest that explant column trophoblasts cultured in low oxygen up-223 regulate molecular processes related to hypoxia/HIF1A signalling and ECM organization/remodeling, 224 while column trophoblasts exposed to hyper-physiological 20% oxygen adopt a predominantly pro-225 proliferative phenotype. ENDOU), and genes commonly used to identify proliferative CTB and PCT (MK167, CCNA2, 246 NOTCH1). From this curated list, 14 genes were differentially expressed between 1%, 5%, and 20% 247 oxygen cultured explants (Supplemental Figure 4A ). Notably, this small signature was sufficient to 248 segregate samples into two main groups: One group consisted almost entirely of column trophoblasts 249 cultured in 20% oxygen (save for one 1% oxygen outlier), while the other group was made up of a mix 250 of 1% and 5% oxygen cultured samples (Supplemental Figure 4A ). Genes enriched within low-oxygen 251 cultured explants included trophoblast lineage-related transcription factors (GATA3, KLF5, TFAP2A), 252 genes related to ECM remodeling (TIMP1, ADAM12, ADAM19), genes related to CTB specification 253 (CDH1, EGFR), and genes linked with the EVT sub-lineage (ADAM12, FLT1, ITGA5, MYC) 254 (Supplemental Figure 4A ). Samples that grouped primarily as 20% oxygen cultured explants showed 255 enrichment for genes specific to proliferative CTB and PCT (CCNA2, MKI67). Notably, the imprinted 256 paternally expressed gene, PEG10, was also highly expressed within 20% oxygen column trophoblasts 257 (Supplemental Figure 4A) . 258
Examination of PEG10 localization within first trimester placental villi (n=3 placentae; 6-10 259 weeks' gestation) by immunofluorescence microscopy (IF) showed that PEG10 preferentially localizes 260 to CTB (Supplemental Figure 4B ). IF localization of PEG10 within a new cohort of placental explants 261 (established from n=5 placentae) revealed that PEG10 signal, similar to the signal observed in placental 262 villi, is broadly localized to CTB in explants exposed to all three oxygen culture conditions 263 (Supplemental Figure 4C ). However, within 20% oxygen explants, bright PEG10 signal was also 264 observed within multi-layered PCT; this column-specific signal was minimal/absent in 1% and 5% 265 oxygen cultures (Supplemental Figure 4C ). 266
To more closely examine how global gene expression changes identified within low and high 267 oxygen exposed explants relate to trophoblast differentiation, we examined the expression of the top 268 TOP2A, PLEKHH1, RFX5, NCPAH, KPNA2, NRP2) and 1% oxygen conditions (TNFSF10, LOX, 281 AKAP12, ACTC1, BIRC7, SPNS2, S100A4, JAM2, MXI1, EGLN3, RORA, PLAUR, AK4, TSC22D3, 282 NRN1) ( Figure 5C ). Interestingly, genes up-regulated within 1% oxygen-cultured columns showed 283 alignment with proliferative EVT, and this relationship was even greater with EVT ( Figure 5C ). In 284 contrast, the top genes identified within 20% oxygen columns aligned predominately with proliferative 285 CTB and proliferative EVT ( Figure 5C ). 2018), where a predicted cell origin state was identified as well as the two differentiation trajectories 289 aligning with the villous and extravillous pathways ( Figure 5D ). Correlating the expression of genes 290 specific to distinct states of trophoblast differentiation (i.e. EGFR, HLA-G, ERVFRD-1) with the 291 pseudotime trajectory confirmed the accuracy of the pseudotime modeling, where EGFR aligned to 292 cells committed to the villous pathway, HLA-G to a maturing EVT, and ERVFRD-1 to a terminally 293 differentiated SCT ( Figure 5E ). Correlating trophoblast lineage trajectory with the top up-regulated 1% 294 and 20% oxygen genes showed that genes enriched within 20% oxygen aligned to both the villous and 295 extravillous pathway trajectories ( Figure 5F ). Notably, high-oxygen genes aligned closely with cell 296 states linked to proliferative CTB (PARP1, RFX5, PLEKHH1, GSTA3, NRP2) and proliferative PCT 297 (OXCT1, KIF20A, NCAPH, CENPF, TOP2A, DLGAP5, CDK1, KPNA2) ( Figure 5F ). By contrast, low 298 oxygen enriched genes primarily aligned with the tail-end of the extravillous pathway (i.e. TNFSF10, 299 LOX, SPNS2, S100A4, JAM2, PLAUR) ( Figure 5F ). Together, these data suggest that column 300 trophoblasts exposed to low oxygen adopt transcriptomic signatures that are reflective of EVT, while 301 column trophoblasts cultured in 20% oxygen express genes that align predominately with proliferating 302 CTB and PCT. 303 304 305
LOX expression and activity is potentiated by low oxygen 306
Our finding that low oxygen drives column outgrowth and potentiates the expression of genes 307 linked with the EVT phenotype suggests that genes highly expressed within low oxygen columns may 308 in part contribute to EVT differentiation and trophoblast column formation. Rank ordering of up-309 regulated genes by fold-change in both 1% and 5% oxygen column trophoblasts identified multiple 310 conserved genes between the two oxygen conditions (Supplemental Table 2 ). Notably, LOX, the gene 311 encoding lysyl oxidase, a copper-dependent enzyme that catalyses collagen and elastin crosslinking, 312 was the number 2-ranked gene in both 1% and 5% oxygen cultured explants. Specifically, LOX 313 expression was 6.2-and 5.1-fold higher in 1% and 5% oxygen cultures compared to 20% oxygen 314 explants ( Figure 6A ; Supplemental Table 2 ). While previous work has identified a role for elevated 315 has not been described. 318
As an initial step to examine the importance of LOX in anchoring column biology, LOX mRNA 319 in situ hybridization within first trimester placental villi (n=3; 6-8 weeks' gestation) was performed. 320
RNAscope in situ hybridization showed specific and intense LOX localization to cells within the 321 mesenchymal core of placental villi and to trophoblasts within anchoring columns ( Figure 6B ). 322
Little/no LOX signal was detected in CTB or SCT ( Figure 6B ). RNAscope analysis of LOX within 323 placental explants cultured in 1% and 20% oxygen supported the gene array finding that LOX 324 expression was elevated in column trophoblasts exposed to low oxygen ( Figure 6C ). While we were 325 unable to verify elevated LOX protein expression in low oxygen-cultured placental explants via IF 326 microscopy due to non-specific antibody signal, LOX enzymatic activity, measured in conditioned 327 media (CM) generated by placental explants cultured in 1% or 20% oxygen, showed that activity was 328 significantly higher in 1% cultures ( Figure 6D ). Use of the LOX inhibitor, β-aminopropionitrile 329 (BAPN), demonstrated LOX-substrate specificity, while recombinant active LOX served as a positive 330 control ( Figure 6D ). Taken together, these findings show that LOX expression and activity is elevated 331 in column trophoblasts cultured in low oxygen. Further, LOX's preferential in vivo expression within 332 the trophoblast anchoring column combined with its involvement in promoting tumor cell metastasis, 333
suggests that LOX may also play a role in controlling trophoblast column outgrowth and/or EVT 334 differentiation. 335 336
Impairment of LOX restrains column outgrowth 337
To test the function of LOX in column outgrowth, Matrigel-imbedded placental explants 338 cultured in 1% oxygen (n=3) were cultured in either control explant media or media containing the 339 competitive LOX inhibitor BAPN. The effectiveness of BAPN in inhibiting LOX activity was 340 measured as before by examining the ability of endogenous LOX in explant CM to oxidize substrate 341 ( Figure 7A ). Conditioned media harvested from control explants showed LOX activity levels slightly 342 below levels measured in recombinant LOX positive control reactions, but significantly higher than 343 explant media alone ( Figure 7A ). Importantly, treatment of explants with BAPN significantly blunted 344 LOX activity, though activity was not completely blocked ( Figure 7A ). Importantly, placental explant 345 treatment with BAPN led to a significant two-fold impairment in column outgrowth ( Figure 7B, 7C) . 346
Taken together, these results suggest that LOX expression in developing trophoblast columns promotes 347 column outgrowth and associates with an EVT phenotype. explant columns cultured in 8% oxygen have increased trophoblast cellularity compared with columns 391 exposed to 1.5% oxygen (James et al., 2006) . Moreover, there seems to be consistent agreement that 392 exposure to low oxygen leads to greater column outgrowth, where oxygen tension levels between 1-5% 393 In summary, the extravillous pathway is controlled by multiple intrinsic as well as extrinsic 439 factors, including level of oxygen. We provide evidence that supports a role for low oxygen levels in 440 promoting the differentiation of trophoblasts along the EVT pathway. This finding establishes insight 441 into critical developmental events during placentation that occur in early pregnancy. Further, these 442 findings may also provide a foundation for understanding cellular and molecular processes contributing additionally obtained to calculate body mass index (BMI: kg/m 2 ) and all consenting women provided 456 self-reported information via questionnaire to having first hand exposure to cigarette smoke, and are 457 summarized in Supplemental Table 1 . the outer chamber, were allowed to establish overnight in a humidified 37 °C trigas incubator at 5% 467 oxygen, 5% CO 2 . Following 24 hr of culture, explants were cultured in 200 µl DMEM/F12 1:1 media 468 and placed into 1%, 5%, or 20% oxygen incubators for either an additional 24 hr (gene expression 469 analyses) or 48 hr (explant outgrowth measurements). All explant media were supplemented with 470 penicillin/streptomycin and antimycotic solution (Thermofisher Scientific, Waltham, MA) Growing 471 explants were imaged at indicated times using a Nikon SMZ 7454T triocular dissecting microscope 472 (Minato, Japan) outfitted with a digital camera. EVT outgrowths were measured by ImageJ software. 473
Fold-change in outgrowth was determined by dividing the mean column area at 48 hr into the mean 474 area at 0 hr. 475 476
Immunofluorescence, RNAScope, and immunohistochemistry microscopy 477
Immunofluorescence: Placental villi (6-12 weeks gestation; n=5) or placental explants (derived 478 from n=11 placentae) were fixed in 2% paraformaldehyde overnight at 4 °C. Tissues were paraffin 479 embedded and sectioned at 6 µm onto glass slides. Immunofluorescence was performed as described 480 elsewhere (Aghababaei et al., 2015) . Briefly, cells or placental tissues underwent antigen retrieval by 481 heating slides in a microwave for 5 X 2 minute intervals in a citrate buffer (pH 6.0). Sections were 482 incubated with sodium borohydride for 5 minutes, RT, followed by Triton X-100 permeabilization for 483 Immunohistochemistry: Decidua (10 weeks' gestation; n=1) from a first trimester pregnancy 504 was fixed in 2% paraformaldehyde for 24 hr at 4°C, paraffin imbedded, and serially sectioned at 6µm 505 onto glass slides. Heat-induced antigen retrieval was performed using sodium citrate (10mM, pH 6.0) 506 followed by quenching endogenous peroxidases with 3% hydrogen peroxide for 30 minutes at RT. 507
Sections were then permeabilized with 0.2% Triton-X-100 for 5 minutes at RT. Serum block was 508 performed with 5% BSA in tris-buffered saline with 0.05% Tween 20 (TBST). Sections were then 509 incubated with mouse monoclonal HLA-G (1:100, clone 4H84, ExBio) diluted in TBST overnight at 510 were incubated on sections for 2hr at 40°C, and following this, the RNAscope signal was amplified 525 over 6 rounds of ACD AMP 1-6 incubation and application of RED-A and RED-B at a ratio of 1 526 volume of RED-B to 60 volumes of RED-A for 10 minutes at RT. Selected samples were 527 counterstained with 50% Hematoxylin I for 2 minutes at RT and all samples were mounted using 528 EcoMount (Biocare Medical, Pacheco, CA). 529
530
RNA purification 531
Total RNA was prepared from column and invasive EVT cells using TRIzol reagent (Life 532
Technologies, Carlsbad, CA) followed by RNeasy MinElute Cleanup (Qiagen, Hilden, Germany) and 533
DNase treatment (Life Technologies) according to the manufacturer's instructions. Care was taken so 534 that explants were exposed to atmospheric oxygen no longer than 2 minutes during microscopic 535 dissection and separation of placental villi away from columns prior to the addition of TRIzol. RNA 536 purity was confirmed using a NanoDrop Spectrophotometer (Thermo Fisher Scientific) and by running 537 Scientific) as per manufacturer's protocol. Samples were run on the Clariom™ S Human Array to 546 measure gene expression at >20,000 genes in the human genome (Affymetrix, Santa Clara, CA). Raw 547 data generated from the arrays were read into R statistical software (version 3.5.1) with the 548
Bioconductor oligo package to convert raw Affymetrix CEL files into an expression matrix of intensity 549 values. The expression data was background corrected, Quantile normalized, and log-transformed. A 550 total of 13,787 control, duplicated, non-annotated or low intensity probes were filtered out of the data, 551 leaving 13,402 probes for further analysis. Pre-processing was monitored at each step by Principal 552
Component Analysis (PCA) and linear modelling. Principal component analysis was performed by the 553 svd() function from the sva package in R. Linear modelling was conducted using the R package 554 limma. Probe-wise variances were shrunk using empirical Bayes with the eBayes function, followed 555 by FDR adjustment for multiple testing (Benjamini and Hochberg, 1995) . Differentially expressed 556 genes were defined based on an FDR < 0.05. Enrichment of pathways were identified and annotated 557 using the clusterProfiler package in Bioconductor (Carvalho and Irizarry, 2010) . Volcano plots were 558 generate using the ggplot2 package for RStudio. Cluster analysis of sample relations based on principal 559 components was generated using the plotSampleRelation function for the Lumi package. A 560 hierarchical cluster analysis was conducted using Euclidean distances on the top 40 differentially 561 recommended unsupervised procedure called "dpFeature". Briefly, the first 10 principal 571 components on log-normalized expression data were used to construct a TSNE projection, upon which 572 density-peak clustering determined 13 number of clusters, using parameters rho = 2, delta = 10. The top 573 1000 differentially expressed genes between these clusters were then used for ordering the cells. 574
Visualization of oxygen concentration -dependent genes were visualized along the inferred 575 pesudotime-ordered branches using the R function 576 monocle::plot_genes_branched_heatmap with the following settings: the number of 577 clusters k = 5 for clustering the genes, and default parameters for all else. 578
579
LOX activity assay and LOX inhibition 580
Measurement of endogenous LOX activity in placental explant conditioned media was 581 performed following a modified protocol described in Wiel et al (Wiel et al., 2013) . Briefly, 600 µl of 582 conditioned media from placental explants cultured in triplicate from either 1%, 5%, or 20% oxygen 583 conditions was pooled, concentrated 12-fold using 7.5 kDa exclusion Amicon Millipore concentration 584 columns (Millipore, Burlington, MA), and snap-frozen in liquid nitrogen. LOX activity in 15 µl of 585 concentrated conditioned media was determined using the Amplex Red H 2 O 2 detection kit following 586 the manufacture's instructions (Life Technologies, Carlsbad, CA). This assay is based on the ability of 587 endogenous LOX to oxidize 10 mM DAP (a LOX substrate) in the presence of 0.5 U/ml horseradish 588 peroxidase; the reaction is incubated at 37 °C for 30 minutes. Oxidation of Amplex Red generates a 589 fluorescence signal measurable at 560nm/590nm excitation/emission wavelengths and was detected 590 using a fluorescence plate reader (BMG Labtech, Ortenberg, Germany) using a 96-well format. As a 591 positive control, 10 µg/ml recombinant active LOX (MyBioscource.com, San Diego, CA) was 592 separately incubated with DAP substrate. LOX activity/specificity was determined by co-incubating 593 reactions with 5 mM of BAPN. For endogenous inhibition of LOX within explant cultures, following 594 24 hr of explant establishment at 37 °C, 5% CO2, 5% O2 in a humidified tri-gas incubator, explant 595 media was replaced with media containing 500 µM of BAPN and explant cultures were placed into 1% 596 or 20% O 2 culture conditions for an additional 48 hr of culture prior to being imaged/measured. 597 598
BrdU incorporation assay 599
Pulse-chase labeling with BrdU (Sigma-Aldrich) was conducted on a verification cohort of 600
Matrigel embedded placental explants (n=3 distinct placentae, 4-11 columns per oxygen condition). 601
Explants were established in 5% oxygen for 24 hr followed by 24 hr of culture in either 1%, 5% or 602 20% oxygen. After 48 hr of culture, explants were exposed to a 4-hr pulse with culture media 603 containing 10µM of BrdU. Following 4 hr of labelling, explants were washed in PBS and fixed in 4% 604 PFA overnight. Explants were paraffin embedded and sectioned for immunofluorescence microscopy. 605
Immunofluorescent staining with anti-BrdU antibody (Bu20a, Sigma-Aldrich) with the addition of a 606 30-minute incubation in 2M hydrochloric acid between permeabilization and sodium borohydride 607 steps. 608 609
Statistical analysis 610
Data are reported as median values with standard deviations. All calculations were carried out 611
using GraphPad Prism software (San Diego, CA). For single comparisons, Mann-Whitney non-612 parametric unpaired t-tests were performed. For multiple comparisons, one-way Kruskal-Wallis 613 ANOVA followed by Dunn's multiple comparison test was performed on explant outgrowth data as 614 outgrowth in 1% oxygen was not normally distributed. One-way ANOVA followed by Tukey post-test 615 were performed for all other multiple comparisons. The differences were accepted as significant at P < 616 0.05. For gene microarray and scRNA-seq statistical analyses, please refer to the Gene Array Data 617
Preprocessing and scRNA-seq analysis sections in methods. cultured column trophoblasts using the respective 14-gene signature. The heatmap displays expression 938 profiles of trophoblast genes identified as being significantly different between 1%, 5%, and 20% 939 cultures. Within the heatmap, brown = low expression; white = mid-level expression; green = high 940 expression. For each sample, oxygen condition (1% = blue 5% = purple; 20% = red) is indicated, as is 941 the unique placental sample/patient ID used to generate the explant (indicated by shade of grey). 942
